Many researchers worldwide have extensively used fibre-reinforced polymer (FRP) strengthening materials and near-surface mounted (NSM) to enhance the shear and flexural strengths of reinforced concrete (RC) beams. However, studies on torsional strengthening are limited. Although a few studies have focused on torsional strengthening, none of them simultaneously investigated torsion with shear and/or bending moment. is study aims at demonstrating the behaviour of RC beams strengthened with FRP sheets (strips) with different configurations and NSM steel bars with different spacing that was subjected to combined actions of torsion and bending moment and making a comparison between them. Seven beams with a dimension of 15 × 25 × 200 cm were casted. One of the beams was not strengthened; three of them were strengthened with carbon FRP, and the others were strengthened with NSM steel bar. e angle of twist at torque intervals, first cracking torque, ultimate torque, and ultimate twist angle of the conventional and strengthened beams during the testing process are compared. Results show a significant improvement in the torsional performance of RC beams using carbon FRP and NSM steel bar. e test beams that were strengthened with CFRP wrapping showed better enhancement in the ultimate torsional moment as opposed to the beams that were strengthened with NSM steel bar.
Introduction
A considerable amount of torque can accumulate in many concrete members, including curved bridge elements, spandrel beams, horizontally curved members, and eccentrically loaded beams. e torsional capacity of these members needs to be maximized due to several factors, including structural damage, deterioration, and increased loading.
Strengthening or upgrading of structural elements must be performed after a certain period to increase the service life of these elements [1, 2] . Strengthening materials can be applied to RC structures in two ways, namely, (1) the externally bonded reinforcement (EBR) method, where the strengthening materials are externally applied to the concrete surface, and (2) the near-surface mounted (NSM) method, where the strengthening materials are inserted within grooves that are pre-cut into the concrete cover [3] .
Several externally bonded reinforcement (EBR) methods of increasing the service life of RC structural elements are available; for example, fibre-reinforced polymer (FRP) strengthening sheets are used to wrap RC structural elements. is technique is inexpensive and can be applied to completely degraded structures. Compared with traditional techniques, repairing concrete structures by using FRP sheets has many advantages. FRP sheets have high tensile strength, extremely low weight, high corrosion resistance, and fast installation. Moreover, changing the geometry of the structure is unnecessary when these sheets are used. is strengthening technique has already been proven to be effective for the shear and flexural strengthening of RC beams . A few studies focused on torsion strengthening [1, 2, [32] [33] [34] [35] [36] [37] [38] [39] [40] .
Considered a suitable alternative to the EBR method, the NSM strengthening method involves cutting grooves in the concrete cover of a beam specimen and then inserting and embedding reinforcement into these grooves by using an adhesive. e NSM method presents numerous advantages over the EBR method, including its higher bonding productivity and better protection. e NSM method can also address the limitation of the EBR method in its maximum strain, which is below the ultimate strain due to premature debonding. e greater confinement granted by the adhesive and the surrounding concrete is considered the best advantage offered by the NSM method [41] . is strengthening technique has already been proven to be effective for the shear and flexural strengthening of RC beams [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . Many studies have also used conventional steel bars instead of FRP materials for flexural and shear strengthening by employing the NSM method [59] [60] [61] [62] [63] [64] . However, only few of these studies have focused on torsion strengthening [65, 66] , and no previous work has investigated the application of conventional steel bars for the torsion strengthening of RC beams. e literature review above indicates that FRP strengthening materials have been extensively used to improve the flexural and shear strengths of RC beams. NSM strengthening steel bars have also been used to improve the flexural and shear strengths of RC beams. However, studies on torsional strengthening by both techniques are limited, and none of them compared these methods for choosing the best one. erefore, this study aims to investigate the characteristics of RC beams strengthened with both methods (FRP sheet and NSM steel bar) having different configurations under the combined actions of torsion and bending moment and making a comparison between them.
Materials and Testing Methods

Reinforcement and Formwork.
To avoid beam failure at torsional and flexural cracking loads, each beam was designed to have a steel reinforcement ratio (ρ) of 2.3% (equation (1)) for each of the longitudinal and transverse reinforcement to the volume of concrete [33, 36, 67] :
e reinforcement percentage provided in a beam was higher than the minimum requirement [1] to control the integrity of the beam beyond cracking; moreover, this will reveal the case of a defective beam in terms of reinforcement. e steel reinforcement details and cross-sectional dimensions of each beam are presented in Figure 1 . All beams were under-reinforced according to the American Concrete Institute code ACI 318-14 [67] to simulate torsion-deficient beams under some future loading condition. e minimum spacing of the transverse reinforcement was also purposefully exceeded to facilitate the observation of torsional failure and to hinder the stirrup from restricting the torsional cracks. e reinforcement for the specimens included 2Φ16 and 2Φ12 mm diameter steel bars at the bottom and top, respectively. End zones that were 0.4 m long on each end of the beam were reinforced with Φ10 mm stirrups spaced at 75 mm from centre to centre to force failure in the halfway zone of the tested beam. e test region of (1.0 m) was selected in such a way that at least one complete spiral crack formed along the length of the region; therefore, Φ10 mm (f y � 541 MPa) stirrups spaced at 200 mm on centres were utilised as reinforcement. Furthermore, plywood sheets (1.22 m × 2.44 m × 18 mm) were used to cast the concrete beams.
All of the RC beams used the same concrete mix with compressive strength (f c ) of 48 MPa. Lafarge Concrete Company (local supplier) provided the ready-mix concrete for casting the concrete beams.
Torsion Strengthening Configurations.
Seven rectangular RC beams with 250 mm depth, 150 mm width, and 2000 mm length were casted by using ready-mixed concrete. e central part of these beams was specifically designed to display torsion failure. e length of the central part was set to 1.0 m to allow the formation of at least one spiral crack at the 45°angle in the longitudinal axis of these beams. One specimen was stored without strengthening and referred to as the control specimen. e strengthened beams were then divided into two groups. e first group consists of three beams and strengthened with CFRP, whilst the second group also consists of three beams and strengthened with nearsurface mounted (NSM) steel bar.
CFRP Torsion Strengthening
Configurations. CFRP composite wrap spacing was the main parameter investigated for this group. A full-wrap CFRP composite was employed to strengthen specimen 100C100. By contrast, a 100 mm width CFRP composite was used to strengthen two other beam specimens, and all-around wraps were placed at a spacing of 150 and 200 mm c/c using one layer of the CFRP composites. All beam specimens were tested under combined torsion and bending. Figure 2 shows the wrapping arrangement, and Table 1 presents the test specimen design.
NSM Steel Bar Torsion Strengthening Configurations.
NSM groove spacing was the main parameter investigated for this group. Figure 2 presents the groove details for all three strengthened beams. Grooves 20 mm wide and 20 mm deep were cut in the 25 mm cover zone of the concrete beams, and two U-shaped conventional steel bars were embedded in these grooves. One of these steel bars had a U-shaped stirrup at the top whilst the other bar had a U-shaped stirrup at its bottom. To create an enclosed circuit stirrup, these U-shaped steel bars were welded together with at least a 100 mm overlap between their legs. e grooves were vertical (having angle of inclination of 90°with respect to the longitudinal axis of the beam). e groove spacing for these beams was set to 100, 150, and 200 mm. Sikadur-30P epoxy, a two-part epoxy that produces a clear liquid when mixed, was used as an adhesive to ll the grooves of the strengthened beams. Table 1 lists the information related to this system. 
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resin Sikadur-330. Unidirectional CFRP fabrics (SikaWrap-300C) with a thickness of 0.166 mm per ply were also utilised. e elastic modulus, ultimate tensile strength, and elongation at failure of the fibre were 230 GPa, 3900 MPa, and 15 mm/m, respectively, according to the manufacturer. e FRP sheets were bonded to concrete by using two pieces of "rubbertoughened cold-curing-construction epoxy adhesive (Sikadur-330)" with a density, elastic modulus, and tensile strength of 1310 kg/m 3 , 3800 MPa, and 30 MPa, respectively. Tables 2 and 3 list the information related to this system.
Preparing and Installing CFRP.
e bond between the RC beam and CFRP was given appropriate attention during the strengthening process. When fixing the CFRP to the concrete surface, a handheld grinder was utilised to level the concrete surface disclosing the aggregate. e grinder was used again to arciform the concrete corners to a minimum radius of 13 mm [3] and reduce the stress concentration in the fibres at the edges.
is stress concentration will lead to rupture failure of CFRP sheets at corner edges before reaching their ultimate strength. Water and compressed air were used to clean the concrete surface from released particles and dirt.
Applying CFRP to the Concrete Substrate Surface Was Regulated in Steps.
e beams were cleaned by washing with pressurized water and allowed to dry prior to CFRP sheet application. Loose particles and defilements from the specimen's surface were removed by this procedure. e beams were also wire brushed and vacuumed prior to the CFRP sheet application. Depending on substrate roughness, the resin (Sikadur-330) was mixed and applied to the prepared concrete surface by using a brush at the amount of approximately 0.75 kg/m 2 to 1.25 kg/m 2 .
e SikaWrap ® -300C sheet was cut into strips with 100 mm width by scissors for the required length for all the specimens (estimated overlap greater than 150 mm). e (SikaWrap ® -300C) strip was applied to the resin with a special plastic roller until the resin was squeezed out between the roving. en, the SikaWrap ® -300C fabric was applied onto the resin coating in the appropriate direction. Figure 3 presents the FRP ratios for the strengthened beams (group 1). Equation (2) was used to calculate the volumetric ratios of CFRP reinforcement, ρ f [34, 35] :
FRP Ratio as Transverse Reinforcement.
ρ f � n f t fd b f P f A c s f .(2)
NSM Steel Bar Strengthening Technique
NSM Steel Bar Materials.
Ready-mixed concrete also was used for all three beams in this group. e compressive strength (f c ′ ) of the supplied concrete was evaluated after 28 days. e average results of three concrete cylinders (100 mm in diameter and 200 mm in height) on the day of the testing were considered for computing the compressive strength. Sikadur-30P epoxy, a two-part epoxy that produces a clear liquid when mixed, was used as an adhesive to fill the grooves of the strengthened beams.
ree bars with similar diameters and three welded bars (Ø10 mm) were subjected to uniaxial tensile tests to determine their yield and ultimate strength (f y , f u ) 4 Advances in Civil Engineering following the recommendations of ASTM A370-10 2010 [28] . Table 4 summarizes the mechanical properties of the concrete and NSM steel bars, the average compressive strength of the concrete (f c ′ ), and the average test results for the steel bars, whilst Table 5 presents the properties of the epoxy based on the speci cations supplied by the manufacturer.
NSM Steel Reinforcement Ratio.
e NSM steel reinforcement ratios for the strengthened beams in this group are shown in Figure 4 . CFRP sheet and NSM steel reinforcement ratios for the strengthened beams for both groups are shown in Figure 5 . e volumetric ratios of NSM steel bar reinforcement, ρ nst , were calculated by using the following equation:
Specimen Preparation.
e installation of the strengthening steel bars began by cutting grooves into the concrete cover of the specimens after 28 days of curing.
ese grooves were cut in the transversal direction around the beam cross section, whilst maintaining dimensions greater than 1.5 db × 1.5 db (where db denotes the diameter of the NSM steel reinforcement). A special concrete saw (handle grinder) with a diamond cutting saw blade was used for the cutting. A hammer drill and chisel were used to remove any remaining concrete lugs and to roughen the lower surface of the grooves. ese grooves were then smoothened and cleaned with a wire brush and a highpressure air jet. e strengthening steel bars were bent into a U-shape, and two U-shaped steel bars were used for each closed groove (one at the top and the other at the bottom). In this way, these steel bars were overlapping for approximately 100 mm and welded together to form a closed stirrup at each round groove. ese grooves were then lled with an epoxy adhesive groove ller (Sikadur-30 LP) around the steel bar and the surface was levelled as shown in Figure 6 . To ensure that the epoxy reached its full strength, the beam was kept for at least two weeks of curing time. Figure 7 shows the details of the test setup. e load at the active support was applied using a 200 ton hydraulic jack. e jack had a 500 mm lever arm from the centroidal beam axis. e periodical applied load was measured using a compression load cell with a 100 ton capacity. e hydraulic jack had a movable length of 250 mm, thus providing a 57.3°twist capacity for the beam. e reaction arm had 500 mm eccentricity from the centroidal axis of the beam. e beam elongated longitudinally after cracking and was allowed to slide and elongate freely to avoid any longitudinal restriction and consequent compression.
Test Setup and Instrumentation.
is feature was obtained by supporting the beam ends on rollers at the unresisting support. e twist angle of the free end (the point of applying torque) was measured by a dial gauge with the aid of the downward distance of the lever arm at that point. Advances in Civil Engineering Load application on the beam specimens to be tested under the combined action of torsion and bending utilised a fabricated loading frame from the civil engineering laboratory. Rotation around the longitudinal beam axis was arranged via a special support condition, and lever arms were attached to the specimen to provide a torsional moment, as shown in Figure 7 . e specimen underwent pure torsion when the location of a lever arm coincided with the support. e lever arm was maintained beyond the two supports to apply combined bending and torsion.
(i) ree dial gauges were used. Two of them for measuring displacements were positioned under the lever arm, and one was placed at the centre to measure central displacement. (ii) A distance of 400 mm was maintained between the centre of the support and lever arm to achieve bending and torsion. (iii) e load of the hydraulic jack was transferred to the specimen through a spreader beam resting on the end of a lever arm attached to the specimen. us, half of the applied load acted at the end of each lever arm. (iv) e length of the specimen between supports was 1.8 m, with 0.1 m projection outside the support. e central 1.0 m length of the specimen was subjected to combined bending and torsion, whereas 0.4 m length of the beam near each support was subjected to bending moment and shear force. e torque in the middle part of the specimen was the product of the load at the end of each lever arm (half the total of applied load) multiplied by the length of the lever arm from the centre of the specimen. e twist angle at each lever arm was achieved from a vertical displacement of a lever arm end point and length of the lever arm. e overall twist angle in the middle part of the specimen was equal to the sum of twist angles at the couple of the lever arm.
2.6. Test Procedure. Figure 8 shows the hydraulic testing machine in the civil engineering laboratory that was utilised to test the beam specimens. e circular rotation of the supports and the transmission of applied load from the centre of the machine to the two points that express the moment arm must be facilitated by the experimental conditions. Figures 7 and 8 show the particular clamping loading frame used in this study. is frame consisted of an I-section (200 mm × 80 mm × 8 mm) attached to two steel channels (100 mm × 50 mm × 8 mm) by welding. After insertion around the beam cross section by large bolts, these steel channels connect from the bottom, and each arm utilises two bolts. Attached steel clamps work as lever arms for applied torque with separated faces to connect them over the sample. e final shape is similar to a bracket. ese lever arms are suitable for providing the required eccentricity of 500 mm with respect to the longitudinal axis. As shown in Figures 7 and 8 the transmission of the loads from the centre of the machine to the two lever arms was achieved using an I-section steel spreader beam with 200 mm depth and 2 m length. Increment readings at each load were acquired through recorded camera videos, strains from the data logger, and cracks were recorded in accordance with their occurrence. Figure 9 , a dial gauge connected to the bottom of a lever arm at a point (500 mm) from the centre of the longitudinal axis of the beam was used to evaluate the angle of twist. e downward value of the lever arm was recorded by the dial gauge to determine the twist angle in radians. Table 6 shows a summary of the cracking torque (T cr ), ultimate torque (T u ), and ultimate twist angle (θ u ) of the concrete beams. Overall, the results demonstrate the significant improvement of T cr , T u , and θ u of the concrete beams with the use of FRP sheets and NSM steel bar.
Angle of Twist Measurements. As shown in
Results and Discussion
Ultimate Torsional Moment Carrying Capacity.
e ultimate torsional moment carrying capacity of the control and strengthened beams are shown in Figure 10 . Nonlinear improvement of the ultimate torsional moment carrying capacity of the strengthened beams in relation to the control beam, especially for beams that were strengthened with NSM method, was also observed. e strengthening method and materials used were mainly affecting the improvement rather than FRP strip and NSM steel bar spacing. e maximum ultimate torsional moment of 25.15 kN·m was demonstrated by beam 100C100, and beam NSM200 showed the minimum torsional moment of 14.35 kN·m. e values for the other strengthened beams were between those of the two beams. Ultimate torsional moment for beams 100C150, 100C200, NSM150, and NSM200 were 21.85, 19.88, 15.50, and 14.75 kN·m, respectively.
Influence of Material and Techniques Used for Strengthening on Torsional Strength.
e ultimate torsional moment carrying capacity of the control and strengthened beams with respect to the strengthening material (CFRP sheet and NSM steel bar) and reinforcement ratio are shown in Figure 11 . Nonlinear improvement of the ultimate torsional moment carrying capacity of the strengthened beams in relation to the control beam was also observed. e strengthening material and techniques used mainly influenced the improvement. e percentage of enhancement in the ultimate torsional moment (T u ) for beams 100C100 and NSM100, with the same spacing but with different strengthening technique and material and with strengthening material reinforcement ratio of 0.35% and 1.47%, is 134% and 44%, respectively. e percentage of enhancement in the ultimate torsional moment (T u ) with respect to the control specimen for beams 100C150 and NSM150, with 150 mm spacing and strengthening material reinforcement ratio of 0.24% and Advances in Civil Engineering 0.98%, is 103% and 37%, respectively. While this percentage for beams 100C200 and NSM200, with 200 mm spacing and strengthening material reinforcement ratio of 0.18% and 0.73%, is 85% and 33%, respectively.
In uence of Strengthening Method on Beam Ductility.
e ultimate twist angle carrying capacity of the control and strengthened beams are shown in Figure 12 . e strengthening method and materials used were mainly in uencing the ductility of the strengthened beams. Beams that were strengthened with CFRP sheet represented more ductility than the control beam, and the others were strengthened with NSM steel bar. Beams 100C100, 100C150, and 100C200 that were strengthened with CFRP sheet, the 
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Advances in Civil Engineering enhancement percentage of their ultimate twist angle (θ u ) with respect to the control beam was 120%, 118%, and 92%, respectively, whilst beams NSM100, NSM150, and NSM200 that were strengthened with NSM steel bar, the diminution percentage of their ultimate twist angle (θ u ) with respect to the control beam was 17%, 24%, and 27%, respectively.
In uence of CFRP and NSM Steel Bar Spacing on the
Torsional Strength. Figure 13 shows the in uence of CFRP and NSM steel bar spacing on the enhancement percentage of ultimate torsional strength of the strengthened beams with respect to the control beam. e spacing of CFRP sheets for beams that were strengthened with CFRP sheet had a great e ect on enhancement percentage of ultimate torsional strength of the strengthened beams than that beams strengthened with NSM steel bar. e enhancement percentage of the ultimate torsional moment (T u ) of beams 100C100, 100C150, and 100C200 that were strengthened with CFRP sheet and spacing of 100, 150, and 200 mm is 134%, 103%, and 85%, respectively, whilst its value for beams NSM100, NSM150, and NSM200 with the same spacing but with NSM steel bar strengthening method is 44%, 37%, and 33%, respectively. Figure 14 shows the torquetwist behaviour of the control and strengthened beams. Utilising CFRP sheets for the same load, the control beam had a smaller torque carrying capacity and higher twist angle values compared with the strengthened beams. Amongst all of the strengthened beams, 100C100 and 100C150 exhibited the best ductility. Furthermore, the tendency of the torque-twist angle of all the beams did not signi cantly change before cracking occurred. Owing to the stirrup, external CFRP strips or NSM steel bar that exhibited torque resistance in the postcracking stage, all curves showed a reliable slope to reach the ultimate torque of beams. erefore, an increase in torsional rigidity of the beams was observed, and the loading stopped after reaching the ultimate torque. Figure 15 shows the failure modes of the unstrengthened (control) and CFRPstrengthened RC beams under combined bending and torsion. e torsional moment resulted in the failure of all the tested beams. e number of cracks in the strengthened beams was larger than that in the control beam; thus, the strengthened beams had higher tensile stress. e emergence of exural cracks was observed in the control beam at the midlength of one or both of the beam vertical faces. Tension cracks generated and propagated in a spiral form. e cracks gradually widened as the load increased, 
Torque-Twist Comparison.
Crack Pattern and Failure Modes.
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with the two lever arms rotating relative to one another around the RC beam centroidal axis along with bending.
Most of the concrete cracks in the strengthened beams were dispersed through the concrete surfaces between the FRP strips and NSM steel bar grooves. In addition, fibre failure in specimen 100C100 was observed from the edge of the central portion of the beam specimen, and sudden failure of the RC beam occurred after the emergence of the first fibre crack. e FRP sheets ruptured after concrete cracking in specimens 100C150 and 100C200. In NSM100, the first crack appeared at the edge of the test region in both sides near the lever arm. is crack propagated very slowly and dispersed throughout the test region in a spiral formation immediately before the failure caused by the main crack near the lever arm was widened to approximately 6 mm. For NSM150, the first crack appeared at the centre of the test region and in both sides of the specimen; these cracks propagated and dispersed throughout the central portion of the test region in a spiral formation, and the widening of the main crack at the centre of the test region resulted in a failure. For NSM200, the first crack appeared at a quarter length in both sides of the test region and resulted in a failure.
Analytical Predictions
CFRP-Strengthened
Beams. e full torsional strength of CFRP-strengthened RC beams can be analysed by the design codes using the principle of superposition from both the CFRP and steel reinforcement. e ultimate torsional strength for the FRP-strengthened tested beams, T u , can be achieved by adding the contribution due to fibres and due to reinforced concrete beam, as follows:
e design equation to calculate the ultimate torsional strength of a reinforced concrete beam, T u,RC , recommended by [67, 68] is as follows:
FIB Bulletin-14, 2001 design model [69] states that an externally bonded FRP laminate will grant contribution to the torsional capacity only if full wrapping around the beam's cross section is applied, so that the tensile forces carried by the FRP on each side of the cross section may create a continuous loop. e technical document also provides for the possibility of using inclined FRP strips as a strengthening solution. Based on the assumption of the validity of the truss mechanism, the following equations (6)-(8) were provided to predict the FRP contribution to strength T u,FRP :
ε fk,e � 0.8ε fe ,
Equation (2) was used to calculate the volumetric ratios of CFRP reinforcement, ρ f [34, 35] .
NSM Steel Bar-Strengthened Beams.
e full torsional strength of the NSM-strengthened RC beams can be analysed by the design codes using the superposition principle of both the NSM steel bar and internal steel stirrups. e T u of the NSM-strengthened tested beams can be calculated as follows by adding the contributions of the NSM steel bar and the reinforced concrete beam:
T u,RC is calculated as follows following the recommendations of [67, 68] : T u,RC � T T + T L ,
Equation (10) can also be used to calculate T u,NSM as follows: Table 7 and Figure 16 present the comparison of the experimental and the predicted analytical results of the total torsional capacity using ACI 318-14M [67] and FIB Bulletin- 14, 2001 [69] design model equations. It was observed that the total torsional capacity was over-estimated by 19% for the control beam. is was due to taking into consideration the effect of longitudinal steel reinforcement (dowel action) contribution to the ultimate torsional moment of reinforced concrete beams.
For strengthened RC beams 100C100, 100C150, and 100C200, the predicted values are in good agreement with the experimental one. However, for the strengthened beam NSM100, NSM150, and NSM200 the predicted values are obviously higher than the experimental values.
Conclusions
Apart from the shear and flexural strengths of RC beams, this study also focused on the torsional behaviour of RC beams strengthened with various CFRP wrapping configurations and NSM steel bar under the combined effect of torsion and bending. e following conclusions were obtained from the experimental work:
(i) Despite the CFRP wrapping configurations and NSM steel bar spacing, higher torsional resistance than that of the control beam was observed for all strengthened beams. (ii) e test beams with CFRP wrapping showed better enhancement in the ultimate torsional moment as opposed to the beams that were strengthened with NSM steel bar. e percentage of enhancement in the ultimate torsional moment (T u ), with respect to control specimen for beams 100C100, 100C150, and 100C200, were 134%, 103%, and 85%, respectively. While this percentage for beams NSM100, NSM150, and NSM200 were 44%, 37%, and 33%, respectively. (iii) e ductility of all the CFRP-strengthened beams increased; while it decreased for NSM steel barstrengthened beams. e percentage of enhancement in ultimate twist angle (θ u ), with respect to the control specimen for beams 100C100, 100C150, and 100C200, were 120%, 118%, and 92%, respectively. While the diminution percentage of their ultimate twist angle (θ u ), with respect to the control specimen for beams NSM100, NSM150, and NSM200, were 17%, 24%, and 27%, respectively. (iv) e enhancement percentage of the ultimate torsional moment (T u ) proportionally increased with increasing of CFRP and NSM steel bar ratio (decreasing the CFRP strip and NSM steel bar spacing). (v) Cracks in the strengthened beams spread more extensively along their length compared with the singular cracks that formed in the control beam. (vi) Failure in the concrete beams was delayed when CFRP strip and NSM steel bar were used to strengthen the beams. However, this delay unavoidably occurred in the unwrapped spaces between strips (for CFRP-strengthened beams) and spaces between NSM steel bar grooves (for NSM steel bar-strengthened beams). 
